nitride films. Influences of back streaming of air while inserting wafers and penetration of oxygen through a quartz tube are avoided in the present system utilizing an rf furnace.
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Light-flash induced metallic silicides from titanium films on silicon
Juh Tzeng Lue, Vuen Chung Liu, and Wei Jiun Shen a)
Department of Physics, National Tsing Hua University, Hsinchu, Taiwan, Republic of China
(Received 29 July 1980; accepted for publication 17 December 1980) Reaction of thin titanium films on silicon has been observed in forming polyphase silicides by flash irradiations with full width at half-maximum of 100 J-Ls. Ion back scattering and optical micrographic studies show that the metallization occurs only when the temperature of the metal surface reaches the melting point. The experimental threshold irradiation energy density for the metal surface to reach the melting point is 17.6 J/cm 2 , which is close to the theoretical value of 20.4 J/cm 2 , based on the strong-thermal-diffusion-limit approach.
PACS numbers: 68.20. + t To produce ohmic contacts as electrodes for collecting carriers in semiconductors, one usually applies heat to metal films on silicon to form silicides. For most metals in semiconductors, the diffusivities at high temperatures are very high, and the metal atoms diffuse deeply into the semiconductor forming recombination or trapping centers, so that only a few metals can be used as ohmic contact in the hightemperature heat treatment. Inducing the metal-semiconductor reaction by a short-pulse flash lamp has an advantage of obtaining very small diffusion lengths of impurity metal atoms. There have been some discussions about laser induced reaction of metal films on silicon. 1-3 Previous studies 4 of arc annealing of ion-implanted silicon show that the flashlamp energy is enough to cause the melting of a silicon sur- 'iDepartment of Material Science and Engineering. face. In this work we have found that three processes of device fabrication can be completed by a single flash of light. These processes are (i) the recrystallization of the ion-implanted layer, (ii) the depositing of the metal on the silicon from the electrode material by ion bombardment, and (iii) the reaction of the metal film with silicon to form silicide by the light flash.
Titanium films of 600 and 1700 A were deposited with an electron gun source onto [111], 1-10 n cm silicon in a vacuum of 4 X 10-7 Torr. The silicon wafers had been dipped in dilute HF solution prior to the deposition to etch away any oxide layer, so that the metal film and the silicon could have an intimate contact. Metalization processes were performed by locating the sample inside a demountable flash lamp as described in previous work.4 The electrodes were composed of 50% tungsten and 50% copper with a sparking distance of 3 cm. The wafers were held at a distance of 1.5 cm from the electrodes. Since the argon gas has a lower breakdown voltage than air, a higher pressure of Ar gas should be used, which inevitably introduces larger shock waves. We found that, just as the air in the flash tube was pumped down to 20 Torr without any filling gas, the wafers showed higher annealing efficiency than those annealed in an Ar-filled flash tube, and showed no appreciable oxidation in this short period of annealing when checked by an ellipsometer. As evidenced from the appearance of surface asperities of highintensity irradiated samples, the bombardment by ions produced by the high-voltage impulse in the low-pressure flash tube will contribute some heat to supplement the annealing from the light flash.
Ion backscattering spectra of the samples were obtained before and after flash annealing. The silicon edge and both sides of the titanium peak in the backscattering spectrum of the unannealed samples were almost parallel to each other as shown by the solid line in Fig. l(a) . In the annealed samples with an irradiation energy density of 14.0 J/cm 2 , the sharp edges of the silicon peak and the low energy side of the titanium peak became tilted with several plateaus appearing on the tilted side of the spectrum, as shown by the broken lines in Fig. l(a) . From the ratio ofthe heights of the silicon and titanium plateaus, i.e., from the ratio of the backscattering yields,5.6 the relative concentration of titanium and silicon is found to be SilTi = 1.31, which was considered to be a mixed structure of TiSi and TiSi 2 • The same results have been obtained in previous heat treatment studies. 7 Increasingtheirradiation energy to 17.6J/cm2 as shown in Fig. l(b) , the silicide has a composition ofSilTi = 3.67, with a most probable structure of TiSi 2 plus polycrystalline Si. With successive flashes of energy greater than 18.7 J/cm 2 as shown in Fig. 1 (c) , a drastic interaction between the Ti film and silicon took place and it became difficult to identify the silicide composition from the back-scattering spectrum.
Bower and Mayer, 8 who studied the solid-state reaction of thin titanium films on silicon, found that the silicide TiSi 2 was present when annealing the sample at a temperature of 600-1000 ·C. Then Kato and Nakamura 9 observed an intermediate phase of titanium silicides formed at lower annealing temperature, by using the x-ray diffraction technique. They assumed that, by annealing Ti-Si at 300-700 ·C, intermediate layer structures of the following types are formed: Ti(a)ITi 5 Si 3 /TiSiITiSi 2 /Si-Ti 5 Si 3 ITiSi/TiSi 2 /Si--TiSi 2 /Si. In flash-lamp annealing, the solid state reaction hardly occurs in this short pulse duration. As shown by the   FIG. 4 . Ion baek-scatteriIig spectra of naked Si wafers, light-flash annealed at energy densities of dash line: 16.9 J/cm 2 ; and solid line: 24.4 J/cm 2 , respectively. optical micrography of Fig. 2 , the undulating surface of the flash-annealed wafer clearly indicates the melting of the titanium layer as well as the quick freezing of the wavy liquid surface before the surface became flat. Without melting, the backscattering spectrum shows no reaction of the metal film on silicon. Therefore, contrary to the results of conventional heat treatment, silicides are not formed by solid-state diffusion but from the liquid phase following a rapid cooling. The SEM micrograph in Fig. 3 exhibits a low density of spheralitic clusters distributed on the melting surface. The x-ray microanalysis indicates that this is primarily due to the precipitation of small Si particles.
We have also irradiated naked silicon wafers without predeposition of the Ti film. Figure 4 shows the evaporation of tungsten and copper atoms onto the wafer owing to the sputtering of electrodes by the residual gas. A reaction layer can be formed at a sufficiently high irradiation energy density.
Previous studies indicate that the recrystallization of the ion-implanted silicon needs a threshold energy greater than 20.6 J/cm 2 for the silicon surface to reach the melting point. Our study shows that it will need slightly lower energy for Ti film to react with Si, though the melting temperature ofTi (1948 OK) is higher than that ofSi (1683 OK). This is probably a manifestation of the fact that the eutectic temperature for the Ti/Si silicides is lower than the melting temperatures ofTi and Si. Assuming that the light flash is completely absorbed at the Ti surface and instantaneously converted into local heat by electron-phonon excitation, the heat at the surface is conducted into the bulk by the thermal diffusion of the silicon. In the strong diffusion process, we have (k s Tp»a s ',where ks is the thermal diffusivity ofSi, Tp is the FWHM of the light flash, and as is the absorption coefficient of Ti. The threshold irradiation energy E (; is found to be 10 Ks ' where K is the thermal conductivity of Si, T M is the eutectic melting temperature of Ti/Si silicide, and Rs is the optical reflectivity ofTi surfaces. which is close to the magnitude of the experimental value as described in Ref. 4. In conclusion, we have shown that, with the arc (light flash plus ions) generaed by a short-pulse flash tube, it is possible to make metal films react with Si to form a silicide layer. The complex phases of the flashed layer are formed by nucleation and regrowth from a greatly supercooled liquid following a rapid quench. The composition of the silicide layer varies over a wide range depending upon the thickness of the metal film and the irradiation energy density. Sputtering of the electrodes of the flash tube gives an additional advantage of depositing a metal film during this annealing process.
